With little known regarding sex and limb-heterogeneity, we investigated vascular reactivity and ischemic reperfusion in the upper and lower extremities of 15 healthy men (26 ± 2 years) and women (23 ± 1 years). Doppler ultrasound was used to evaluate ischemic reperfusion (IR) and flow-mediated dilation (FMD) following suprasystolic cuff occlusion in both the arm (brachial artery (BA)) and the leg (popliteal artery (PA)). Cumulative IR (area under the curve (AUC)), normalized for muscle mass, revealed no sex-related differences in either limb (forearm: male: 38 ± 3 and female: 44 ± 4, lower leg: male: 12 ± 2 and female: 14 ± 2 ml/100g), while both groups revealed a greater IR per unit of arm muscle mass (AUC) compared to the lower leg (P < 
INTRODUCTION
The incidence of cardiovascular disease differs significantly between men and women. This is thought to be predominantly due to sex-specific differences in risk factors and the hormonal milieu. Indeed, epidemiological studies have revealed that atherosclerosis, hypertension, peripheral vascular and coronary artery diseases occur with greater prevalence in males and in postmenopausal women when compared to premenopausal females (4, 23, 26) .
While clinical assessments of endothelium-dependent peripheral artery vasomotion, flowmediated vasodilation (FMD), in healthy populations suggest that vascular function is superior in premenopausal women compared to men and their postmenopausal counterparts (27, 40, 52) . En mass, these studies have implicated estrogen as both a prostaglandin promoter and an antioxidant, protecting nitric oxide from degradation and facilitating increased vasomotion (29, 39 ). Thus, current knowledge suggests female sex hormones, such as estrogen, have positive vascular effects, whereas their absence could be related to vascular dysfunction and subsequent atherogenic disease states. However, in studies assessing flow-mediated dilation, when the initial value of arterial diameter is taken into consideration, vasodilation appears similar between males and females (18) . This suggests that some of the documented sex differences in vascular reactivity could be the consequence of a mathematical bias rather than the beneficial effects of the female hormonal milieu.
There is an emerging belief that vascular function in the arms and legs of humans is not uniform, but to our knowledge there is a relative paucity of studies that examine limb-specific sex differences in vascular reactivity. Most studies of arterial FMD have been conducted in the BA, but the extent to which this can index systemic vascular function has recently been questioned (35, 54) . Humans, as upright bipeds, are regularly subjected to large hydrostatic and transmural forces in the legs that appear to contribute to differential vasoreactivity (11, 28, 48) and arterial stiffening when compared with upper extremities (3, 7) . Additionally, in those with atherosclerosis the lower extremities appear to exhibit both a higher prevalence and greater degree of impaired endothelial function when compared with the upper extremities (1, 8) . Thus, in light of the potential vascular function differences when females are compared to males (27, 40, 52) , it is currently unknown whether the assumption of limb-vascular heterogeneity, which may proceed the onset of disease, can be extended to a young, healthy, sedentary group of females.
Consequently, the purpose of this study was to extend previous findings of heterogeneous vascular reactivity and the limb-specific regulation of muscle blood flow, but with the added focus of determining the effect of sex. Specifically, we tested the following hypotheses: 1) Following 5 minutes of ischemic cuff occlusion, post-ischemic cuff hyperemia and subsequent flow-mediated dilation will be greater in the BA of the arm than the PA of the leg in both males and females, extending previous findings of limb-vascular heterogeneity. 2) Based upon the purported beneficial antioxidant effects of estrogen on NO bioavailability, the impact of a reduced hemoglobin concentration ([Hb]), and smaller baseline vessel diameters in females, ischemic reperfusion and relative FMD will be more pronounced in the arms and legs of the female group. However, 3) when initial vessel diameter and shear rate following cuff occlusion are taken in account (i.e. absolute FMD/shear rate) vascular function in the arms and legs will not be different between males and females.
METHODS

Subjects and General Procedures
Subjects: 15 young (26 ± 1 years) healthy males (height: 179 ± 2 cm, weight: 77 ± 4 kg) and 15 young (23 ± 1 years) healthy females (height: 165 ± 3 cm, weight: 59 ± 2 kg) participated in this study. All subjects were nonsmokers, normotensive (<140/90 mmHg), of similar activity level, not partaking in any special diet, and free of overt cardiovascular disease as assessed by a pre screening interview. Subjects were excluded from participation if they were taking any medications that would alter vascular responsiveness. Female subjects were studied in the follicular phase (days 1-7) of their menstrual cycle and 12 of the 15 female subjects were not taking oral contraceptives. Informed consent was obtained according to the University of California, San Diego, Human Subjects Protection Program requirements. Following the completion of health histories and physical examinations, each subject reported to the laboratory in a fasted state (>4 hours postprandial) and had refrained from caffeine and exercise prior to the studies (>12 hours). All studies were performed in a thermoneutral environment.
Arm FMD protocol: Subjects lay supine, and a pneumatic cuff was positioned on the upper right arm proximal to the elbow, distal to the placement of the ultrasound Doppler probe on the BA (35, 43) . After a 20-min rest period, baseline measurements were made, and the arm cuff was then inflated to suprasystolic pressure (>250 mmHg) for 5 min. Full occlusion was documented by the loss of ultrasound spectra in vessels at the wrist (radial artery), distal to cuff.
Leg FMD protocol:
Subjects lay supine on a gurney, modified to allow dorsal ultrasound Doppler access to the PA. A pneumatic cuff was positioned on the lower right leg below the knee, distal to the placement of the ultrasound Doppler probe on the PA. As with the arm, after a 20-min rest period and baseline measurements, the leg cuff was inflated to suprasystolic pressure (>250 mmHg) for 5 min. Again, full occlusion was documented by the loss of ultrasound spectra in vessels at the ankle (peroneal artery), distal to the cuff.
Measurements:
Ultrasound Doppler, FMD, IMT: The ultrasound system (Logiq 7, GE Medical Systems, Milwaukee, WI) was equipped with a linear array transducer operating at an imaging frequency of 10 MHz. Vessel lumen diameter was measured at a perpendicular angle along the central axis of the scanned area, where the best spatial resolution was achieved. angle-corrected, time-averaged, and intensity-weighted V mean values were calculated using commercially available software (Logiq 7, GE). Data processing was performed as previously documented (35) . All ultrasound vessel diameter measurements were evaluated during end diastole (corresponding to an R wave documented by a simultaneous ECG signal). In each segment, at least two diameter measurements of the near-to-far intima-media interface were obtained within close proximity (~0.05 cm) and then averaged.
Relative FMD and absolute FMD was calculated as the percent change and absolute delta, respectively, from resting artery diameter to the largest diameter achieved during the 105 s of post-inflation imaging. All ultrasound vessel lumen diameter measurements were evaluated during end diastole (corresponding to an R wave documented by the simultaneous ECG signal) (Logiq 7, GE).
Total blood flow was quantified using the AUC for blood flow over time (ml or ml/100g), integrated with the use of commercially available software (SigmaPlot 8.0, Systat Software, Point Richmond, CA). Cumulative blood flow area under the curves were integrated using the trapezoidal rule and calculated as: Blood pressure and heart rate: Arterial blood pressure was measured using automated radial tonometry (Medwave Vasotrac APM205A; BioPac Systems, Goleta, CA), with one measurement every 8-10 s. Heart rate was recorded from a standard three-lead ECG, an integral part of the Doppler system (Logiq 7, GE).
Tissue volume measurements. Forearm and lower leg circumferences (distal, proximal end, and one-third distal to the proximal end) and length (joint-to-joint) were measured to calculate limb volume (19) . Additionally, ventral (forearm) and dorsal (lower leg) skinfold measurements were taken to assess subcutaneous fat and allow the calculation of muscle volume for the lower leg and forearm (10, 19, 42) . Muscle mass of the complete forearm and lower leg was then calculated from the anthropometric assessment of muscle volume by multiplying by the density of muscle (1.06 g/cm 3 ), an approach that has good validity based upon an absolute agreement with x-ray absorbometry (10).
Statistics. Statistics were performed using commercially available software (SigmaStat 3.10, Systat Software, Point Richmond, CA). Repeated-measures ANOVA, ANOVA, and Student's ttests were used to identify significant changes in variables within and between age groups and limbs, with the Bonferroni test used for post hoc analysis when a significant main effect was found. All group data are expressed as mean ± SE. Statistical significance was established at P < 0.05.
RESULTS
Subject Characteristics: Subject characteristics of both the male and female groups are presented in Table 1 .
Diameters, Shear Rates, and Limb Blood Flows. Arterial diameters, shear rates, and blood flows in the BA and PA of the male and female groups before, during, and following 5 minutes of suprasystolic cuff occlusion are presented in Table 2 . BA diameter was significantly smaller than the PA in both the male and female groups (P < 0.05). Female BA and PA diameters were statistically smaller than male BA and PA (P < 0.05). A statistically significant vasodilation from rest was observed post-cuff release in the BA and PA of both the sex groups (P < 0.05).
Consistent with the literature, peak dilations occurred, on average, between 50-70 s (6), and were not different within and between limb and sex groups (table 2) .
Resting, post cuff-occlusion peak, and area under curve (AUC) shear rates were significantly larger in the BA than the PA in both the male and female groups (P < 0.05).
Between groups, female shear rate AUC was larger than male shear rate AUC in the BA (P < 0.05), but was not significantly different in the PA (P = 0.09) (table 2).
Resting absolute blood flow was not different between forearm and lower leg within the sexes; however, there were significant differences between sex groups for both limbs (P < 0.05).
Total blood flow from cuff release to the final time period examined (95-105 s post-cuff release)
was not different between the forearm and lower leg in the men. Conversely, forearm total blood flow in the female group was significantly attenuated compared to the lower leg (P < 0.05).
Between sex groups, there was a significant difference in total blood flow in the forearm (P < 0.05); however, although attenuated, female lower leg total blood flow did not reach statistical significance when compared to male lower leg total blood flow (P = 0.08) ( Table 2) .
Resting blood flow normalized for muscle mass was significantly higher (~3 fold) for both sexes in the forearm than the lower leg (P < 0.05). In contrast to absolute blood flow, there was no sex difference in resting blood flow normalized for muscle mass with either forearm or lower leg. Total blood flow per 100g of muscle mass from the cuff release to the final time period examined (95-105 s post-cuff release) was significantly greater (~3 fold) in the forearm than the lower leg for both the male group and female group (P < 0.05). Again, unlike absolute blood flow, there was no statistical difference in total blood flow per 100g of muscle mass between sex groups for both limbs.
Flow-mediated Dilation:
Expressed in traditional terms (% diameter change), flow-mediated dilation (FMD) in both the male and female groups revealed a larger FMD in the BA than the PA (P < 0.05) ( figure 1A ). Between the sex groups, relative FMD (% diameter change) was significantly larger in the female group for the BA (male: 6.7 ± 0.6%, female: 8.7 ± 1.1%; P < 0.05) and was not statistically different in the PA (male: 4.4 ± 0.6%, female: 5.4 ± 0.8%) ( figure   1A ). With the statistically smaller resting diameters in the female group for both BA and PA (table 2) , FMD was also assessed as an absolute change in diameter (absolute diameter change).
When assessed in this manner, there was no statistical difference both within and between limbs and sex groups (male group: BA: 0.027 ± 0.002 and PA: 0.027 ± 0.003 cm, female: BA: 0.027 ± 0.003 and PA: 0.024 ± 0.003 cm) (figure 1B).
When relative FMD (% diameter change) was normalized for the shear rate AUC, the PA of both the male and female groups revealed a significantly greater FMD for a given shear rate 1C ). Between the male and female groups, FMD normalized for shear rate in both limbs revealed no sex-related differences (figure 1C).
Consistent with the relative change in diameter, when absolute FMD was normalized for the shear rate AUC, the PA of both the male and female groups revealed a significantly greater FMD for a given shear rate than their respected BA's (male group: PA: 5.0 × 10 -6 ± 0.8 ×10 -6 and BA:
1.6 ×10 -6 ± 0.1 ×10 -6 cm / s -1 •s, P < 0.05; female group: PA: 3.3 × 10 -6 ± 0.6 × 10 -6 and BA: 1.2 × 10 -6 ± 0.2 × 10 -6 cm / s -1 •s, P < 0.05) ( figure 1D ). Therefore, in contrast to the relative FMD/shear rate AUC, there was a sex-related difference in PA absolute FMD/shear rate AUC (P < 0.05), but no sex-related difference in BA ( figure 1D ).
Another aspect of the vascular sex differences explored in this study was the relationship between baseline artery diameter and both relative FMD and absolute FMD. Indeed, there was a significant, negative, linear relationship between the baseline diameter and the relative FMD for both the BA (r=0.47, P=0.009) (figure 2A) and PA (r=0.37, P=0.04) (figure 2B). However, there was no significant relationship between baseline artery diameter and absolute FMD for both the BA (r=0.004, P=0.98) (figure 2C) and PA (r=0.04, P=0.85) ( figure 2D ). Interestingly, when these data were normalized for shear rate the results were quite different (figure 3). Specifically, there was no longer a relationship between the baseline diameter and the relative FMD in either the BA or PA when normalized for shear ( Figure 3 A and B) . Additionally, there was now a significant relationship between baseline artery diameter for the BA (r=0.004, P=0.02) ( figure   3C ), but this was not the case for the PA ( figure 3D ).
Additional Analyses: Upon examination of the complete data set there was no evidence that the 3 women who were taking oral contraceptives were "outliers" in the female data set and thus were not excluded from the data interpretation.
DISCUSSION
The purpose of this study was to extend previous findings of limb vascular-heterogeneity and the limb-specific regulation of muscle blood flow, but with the additional goal of determining differences between males and females. Vascular reactivity, as assessed by flowmediated dilation (FMD) revealed a greater relative FMD (% diameter change) in the brachial artery (BA) than the popliteal artery (PA) in both the male and female groups. In addition, relative FMD in the female BA was larger than the male BA, a finding that is consistent with the literature in suggesting augmented vascular endothelial-dependent vasodilation in females.
However, because of significant differences in starting diameter, limb FMD responses were also assessed in absolute terms and revealed no difference both within and between groups. When FMD (relative and absolute) was normalized for the shear stimulus, both sexes revealed a greater normalized FMD response in the PA than the BA. Together, these findings extend the recognition of limb-specific sensitivity to a shear stimulus that favors the legs in males to a female group (35) , but fail to support the concept of enhanced vascular function in females. In fact, these findings reveal an attenuated vascular function in the legs of women ( figure 1D ). In addition, these data emphasize the importance of taking into account starting vessel diameter in subject groups such as males and females, as this can introduce both a powerful mathematical and shear-related bias in which smaller vessels with greater shear rates (females) reveal a much greater dilatory response which may skew the interpretation of sex-specific vascular reactivity.
Ischemic Reperfusion (IR).
It has recently become evident that muscle blood flow in the arm and leg differ in response to a variety of stimuli (10, 33, 34) . To better understand the potential sex-associated and limb-specific regulation of muscle blood flow we assessed IR responses following 5 minutes of suprasystolic cuff occlusion in the arm and the leg. Absolute blood flow at rest, post cuff release peak, and post cuff release AUC were similar between arm and leg in males (table 2) . In contrast, although similar at rest and post-cuff release peak, post-cuff release AUC absolute blood flow of the female group was significantly less in the arm than the leg (table   2) . Nevertheless, when assessing blood flow in limbs of differing size, especially at rest where metabolic demand and therefore muscle mass dictates oxygen delivery and blood flow, it is important to normalize for the mass of perfused muscle. With such an approach, there was a clear blood flow difference between limbs in both sex groups, with the larger IR in the arm (table   2) . This difference is primarily driven by the significant differences in muscle mass between limbs for both sexes (table 1) , when compared to the arm females have a relatively more similar lower leg muscle mass to that of males. Interestingly, because of the significantly smaller muscle masses in both limbs of the female group, there was no statistical difference in IR between males and females when normalized for muscle mass in both the arm and leg (table 2) . This finding of a similar IR response between sexes following 5 minutes of cuff occlusion is consistent with data previously documented in the arm (20) , but now extending these findings to both the upper and lower extremities.
Blood flow dynamically responds to arterial oxygen content (22, 44) and it is well known that females have a reduced red blood cell count and hemoglobin plasma concentration when compared to males (9, 18, 46) . Thus, with the expected lower hemoglobin concentration in women vs. men, it was hypothesized that females would reveal a greater blood flow both at rest and during IR than males. However, although on average IR per unit of muscle mass was greater in the females, this response was not statistically different between the sexes.
A Hormonal Milieu Effect on Flow-mediated Dilation? Sex differences in FMD have been
reported concomitantly with a greater post cuff hyperemia in premenopausal women when compared with age-matched men (27, 51) . This effect has been explained by the positive influence of endogenous estrogens on the availability of nitric oxide (NO) (16), the principal vasodilator in shear-mediated vasodilation (31) . Indeed, numerous studies have implicated estrogen as both a prostaglandin promoter and an antioxidant (2), protecting NO from degradation, and facilitating increased vasomotion (17, 29, 39) . However, it must be noted that in the present study, we standardized study visits for women to coincide with days 1-7 of the menstrual cycle, when circulating estrogen is most likely to be lowest and the most similar to concentrations measured in men (16) .
Recognizing the acute effects of estrogen on blood flow regulation (45) illustrates, yet again, a difference between the vessels of the arms and legs in that there was a significant relationship between baseline artery diameter for the BA ( figure 3C ), but this was not the case for the PA ( figure 3D ). Thus, definitive statements concerning differences in endothelial function between vessels of different size and therefore differing shear stimuli, such as between the sexes, need to be carefully interpreted. This is especially interesting, as it could be argued that although the BA and PA are in different limbs their relative position in the arterial tree has some similarities, both supply the majority of blood flow to a muscle mass distal to the second joint of a limb. However, although it should be noted that that this investigation is limited to young, healthy subjects and it is likely that the limb-specific progression of vascular disease is the consequence of differing stresses experienced by the limbs over the life span, such as larger hydrostatic and transmural forces in the leg as well as the continued stresses associated with daily lower limb powered locomotion (11, 28, 48, 49 ).
Vascular Function and
Thus, it will be very interesting to determine if the greater shear stress reactivity exhibited in the legs of young healthy males and females is apparent in a much older, but healthy, cohort. It is also interesting to note that it has previously been recognized that young healthy females may exhibit stiffer conduit vessels than their male counterparts (12) . Although vessel stiffness, per se, was not measured in the current study there is a physiological link between vascular function and vessel stiffness, mediated by NO bioavailability, and therefore the work of Ferreira et al. (12) and others may not be at odds with the current data and inferences regarding sex and vascular health. This, in combination with the present findings of no difference or potentially impaired vascular function in the legs of women in the current study certainly set the stage for some interesting sex-specific differences with age when females ultimately lose the potential vascular protection afforded by estrogen.
Experimental Considerations. It is well documented both in our laboratory and in the literature that on average males and females typically differ in terms of [Hb] by 2 g/dl and this has the effect of lowering blood viscosity from ~3.7 mPa•s in males ~3.3 mPa•s in females (18, 25, 46) .
As the current study was non-invasive, a limitation is that individual [Hb] was not measured to determine blood viscosity and therefore the quantification of the true physiological shear stimulus (shear stress) was not possible on a case by case basis. However, although the application of the above sex-specific blood viscosities (derived from typical [Hb] and confirmed in similar subjects in our laboratory of ~12.5 and 14.5 g/dl, females and males respectively) and the subsequent calculation of shear stress instead of shear rate does bring the male and female shear data closer together, the female's shear stress remains 15-18% greater than the males.
Indeed, the substitution of the literature based blood viscosity for females into the calculation of shear stress (and not shear rate as used in this investigation) (the product of blood viscosity (η)
multiplied by blood velocity (V), divided by vessel diameter (D) (13)) did not qualitatively alter the results of this study. Utilization of the same shear rate equation for both males and females serves to overestimate the true shear stimulus in the females. However, when considered in light of the 25% smaller vessels of the females (table 2) and the large impact of this upon the shear stress calculation, the relative contribution and accurate determination of the small sex-related difference in viscosity becomes relatively less significant.
Experimental evidence has revealed that oral contraceptives exert a beneficial effect on endothelial function by increasing NO availability and inhibiting superoxide anion generation (21) . Despite this potential confounding effect of oral contraceptives on FMD, the 3 female subjects taking oral contraceptives were not statistical outliers and their inclusion or exclusion from the analyses did not alter the conclusions from this study.
During the process of this research we considered the implications of including the hand and foot in the IR response of the limbs studied. Therefore, in an additional group of similar subjects (n = 8) we assessed hand/forearm and foot/lower leg volume (water displacement) and compared limb IR with/without the hand/foot occluded with an additional cuff. Interestingly, there was a very consistent ratio between hand and forearm (0.25 ± 0.02) and foot and the lower leg (0.26 ± 0.02) volume. Additionally, IR assessed without the inclusion of the hand or foot (cuffed) was altered in proportion to the volume that was removed by cuffing. Specifically, the hand when included in the hyperemic response of the arm accounted for 24% of the arm IR, while the foot when included in the hyperemic response of the lower leg accounted for 27% of the lower leg IR. Therefore, the inclusion or exclusion the hand or foot from these studies quantitatively affects the results (lower IR), the between limb implications remain unaltered.
Conclusion.
In conclusion, the present study extends previous findings in young, healthy males of greater endothelial-dependent vascular reactivity in the lower compared to the upper extremities to young healthy females. It is also concluded that basal vessel diameter and shear rates influence the magnitude of relative flow-mediated vasodilation and that the sex differences previously reported could be the consequence of a mathematical bias and differences in the shear stimulus rather than a sex-related physiological difference. These vascular characteristics are essential to the appropriate interpretation and thus should be taken into account when comparing the vascular responsiveness of men and women. Therefore, when perhaps the most rigorous analysis for these conditions, absolute FMD normalized for shear rate, is applied the BA does not exhibit a difference between the sexes, whereas, the PA displays attenuated function in females. Cuff-on 9 ± 1 ‡ 12 ± 3 ‡ 10 ± 2 ‡ 10 ± 2 ‡ P = 0. 
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